Materials and Methods
Thin film preparation and post-annealing The single-layer FeSe thin films were grown on SrTiO 3 (001) substrate by the molecular beam epitaxy (MBE) method and were characterized by scanning tunneling microscope.
The sample preparation details can be found in [1] . In order to transfer the single-layer FeSe thin film sample from the MBE preparation chamber to a different sample treatment chamber that is directly attached to the ARPES analysis chamber, the prepared thin films were covered by an amorphous Se capping layer in the MBE chamber. They were then annealed in the treatment chamber in ultra-high vacuum at different temperatures and for different times. After each annealing, the sample was transferred to the analysis chamber to carry out ARPES measurements on the band structure, Fermi surface and the energy gap. the annealing process was carried out sequentially by gradually increasing the annealing temperature and time. It therefore produced an accumulative effect to the sample. As shown in Fig. S1 , the sample #1 has been annealed nine times, denoted as nine annealing sequences 1 to 9. For example, for the annealing sequence 1, the as-prepared sample #1 film was annealed at 190 • C for half an hour, mainly to remove the amorphous Se capping. For the annealing sequence 9, the film sample #1 has been annealed in vacuum altogether at 190 • C for 13.3 hours and at 250 • C for 13.5 hours. For the sample #2, it has been annealed for 6 times, denoted as sequences from 10 to 15. For the annealing sequence 10, it was first annealed at 190 • C for 2 hours followed by annealing at 250 • C for another 2 hours. Till the last sequence 15, the sample #2 has been annealed altogether at 190 • C for 2 hours, then at 250 • C for 2 hours, then at 190 • C for 10 hours, then at 360 • C for 2 hours, and eventually at 400 • C for 7.7 hours.
Sample temperature calibration Since the single-layer FeSe film is grown on the SrTiO 3 substrate, when it is tightened on the sample holder by copper pads, the thermal conductivity of the film becomes poorer than that of the usual cleaved sample which is directly fixed on the sample holder by silver paste. Therefore, the usual sample temperature sets a low limit to the temperature of the FeSe film. In order to measure the temperature of the FeSe film more accurately, we mimicked the FeSe film's situation by gluing a piece of polycrystalline gold foil on the similar SrTiO 3 substrate.
By measuring the Fermi level of the gold from our high resolution laser photoemission, we can measure the temperature of gold on SrTiO 3 from the gold Fermi edge broadening fitted by the Fermi distribution function.
Since the Fermi edge width contains a couple of contributions including the temperature broadening, instrumental resolution and cleanliness of gold, the estimated temperature sets an upper limit to the gold temperature which is close to the temperature of FeSe thin film on SrTiO 3 . We found the temperature measured from this gold reference is higher than the nominal usual sample temperature by ∼10 K. The real temperature of the FeSe thin film lies then in between these two temperature limits, nominal sample temperature and gold temperature, with an error bar of ±5 K.
High resolution ARPES methods High resolution angle-resolved photoemission measurements were carried out on our lab system equipped with a Scienta R4000 electron energy analyzer [2] . We use Helium discharge lamp as the light source which can provide photon energies of hυ= 21.218 eV (Helium I). The energy resolution was set at 10∼20 meV for the Fermi surface mapping ( Fig. 1 ) and band structure measurements ( Fig. 2 ) and at 4∼10 meV for the superconducting gap measurements (Fig. 3 ). The angular resolution is ∼0.3 degree. The Fermi level is referenced by measuring on a clean polycrystalline gold that is electrically connected to the sample. The samples were measured in vacuum with a base pressure better than 5×10 −11 Torr.
2. Detailed band structure and corresponding photoemission spectra for the N phase, the S phase and the mixed phases
In the initial stage of annealing, like the annealing sequences of 1 to 3 for the sample #1 (Figs. 1 and 2), the electronic structure is dominated by the pure N phase. Fig. S2 shows detailed band structure and photoemission spectra for the N phase of the sequence 2 of the sample #1, along three high symmetry cuts as marked in the bottom-right inset. The band structure around the Γ is characterized by a hole-like band denoted as N1 band as in Fig. 2d (Fig. S2(a-b) ). The band structure near M3 is characterized by a hole-like band denoted as N2 band and another hole-like band denoted as N3, as shown in Fig. 2d . We have carefully checked the N2 band and found that it does not cross the Fermi level for the first few annealing sequences (sequences 1 to 3). Since the N2 band itself is rather weak and is on top of a high background, how such a hole-like band can terminate below the Fermi level, whether there is a band back-bending, and how it changes with temperature need further investigation in the future.
In the final stage of annealing, like the annealing sequences of 10 to 15 for the sample #2 ( Figs. 1 and 2) , the electronic structure is dominated by another pure S phase. Fig. S3 shows the detailed band structure along three high symmetry cuts as marked in the bottom-right inset, and their corresponding photoemission spectra for the sequence 10 of the sample #2.
The band structure around Γ is dominated by the S1 band, as denoted in Fig. 2e . In addition, there is a flat band labeled as GA in Fig. S3b and the top of the S1 band is split into two sub-bands. More bands can also be seen at high binding energy above 0.2 eV. We note this band structure is rather similar to that observed in K compares the Fermi surface and band structure between the N phase of the single-layer FeSe film and the BaFe 2 As 2 in its magnetic state [4] . In terms of the Fermi surface, both of them show "strong spots" feature near M point.
Also the band structure across the momentum cut around M3 (marked in 
Examination of particle-hole symmetry along the Fermi surface
As shown in Fig. 3 , there is a clear gap opening at low temperature for the S phase of the single-layer FeSe film, and the gap closes at a high temperature.
At issue is the nature of the energy gap, i.e., whether it is a superconducting gap. According to the standard BCS picture, if there is a one-electronlike quasiparticle dispersion crossing the Fermi energy (E F ) with a Fermi momentum k F in the normal state, upon entering the superconducting state, the formation of Bogoliubov quasiparticles will split the dispersion into two branches. These two branches are separated by the superconducting gap 2∆ and sit symmetrically around the Fermi momentum point. Both branches show bending back behavior. Due to particle-hole symmetry, the bending back point is located at k F . Superconducting gap is the only known case so far that it opens along the entire Fermi surface and furthermore it is symmetric with respect to the Fermi momentum. For other forms of transition such as spin density wave or charge density wave, only a portion of Fermi surface that satisfies the perfect nesting conditions may open a gap at the Fermi surface while for the rest of Fermi surface, the Fermi momentum is expected to change its location above and below the transition which can be checked by ARPES measurements [5] . Examination of particle-hole symmetry can be an effective way to distinguish superconducting gap from other forms of gaps. Fig. S6 shows a detailed temperature dependence of the electron-like band across M for the pure S phase; the annealing sequence is 12 of the sample #2 ( Figs. 1 and 2) . A clear parabolic band can be seen at 70 K that crosses the Fermi level ( Fig. S6a) . At low temperature, an energy gap opens and a band bending-back is observed ( Fig. S6(e-f) ). By various ways of analyzing the data, we found that the particle-hole symmetry is conserved in the gap-opening process based on the following observations. (1) . From the analysis of the momentum distribution curves (MDCs) at the Fermi energy ( Fig. S6g ), the MDCs measured at different temperatures show little change in their peak positions; (2) . From the dispersion determined by following the peaks in EDCs (Fig. S6h) , the Fermi crossing at high temperature (70 K) is consistent with the bending point at low temperatures; (3) . From the symmetrized EDCs shown for both a low temperature (23 K, Fig. S6i ) and a high temperature (70 K, Fig. S6j ), the Fermi momentum determined from the minimum gap locus [6] at a low temperature is consistent with the Fermi crossing at a high temperature.
Extraction of the gap size
We use two methods to obtain the gap size in the superconducting state.
The first is simply to pick the peak position in the symmetrized EDCs. The second method is to fit the symmetrized EDCs with the phenomenological formula proposed by Norman et al. [7] that has been widely used in cuprate and the Fe-based superconductors. Fig. S7 shows the symmetrized EDCs measured at the temperature ∼20K and the corresponding fitted results for the annealing sequence 10, 12, 13 and 15. Both methods get similar results of the gap size, and the difference between these two methods is within 1 meV. We can also see that both the lineshape of the EDCs and the gap size with the sample #1 annealed 9 times (corresponding to sequences 1 to 9) and the sample #2 annealed 6 times (corresponding to sequences 10 to 15). The color bar represents the annealing temperature while the bar height represents the annealing time. The annealing is an accumulative process, i.e., for a give sample, the annealing is on top of the previous sequence. For example, for the annealing sequence 13, it means the sample #2 has been annealed first at 190 • C for 2 hours, then at 250 • C for 2 hours, then at 190 • C for 10 hours, then at 360 • C for 2 hours, and eventually at 400 • C for 3 hours. The two single-layer FeSe samples have a slightly different starting level, owing to variations of the SrTiO 3 substrate and the preparation conditions. show photoemission spectra (EDCs) for the cut 1, cut 2 and cut 3, respectively. The EDCs at high symmetry points are marked in red, and the EDCs at Fermi crossings are marked in blue. The band structure can be understood as a combination of the N phase and the S phase. 
